Abstract-We present measurements of the transmission and dispersion properties of coupled-resonator optical waveguides (CROWs) consisting of weakly coupled polymer microring resonators. The fabrication and the measurement methods of the CROWs are discussed as well. The experimental results agree well with the theoretical loss, waveguide dispersion, group delay, group velocity, and group-velocity dispersion (GVD). The intrinsic quality factors of the microrings were about 1.5 × 10 4 to 1.8 × 10 4 , and group delays greater than 100 ps were measured with a GVD between −70 and 100 ps/(nm · resonator). With clear and simple spectral responses and without a need for the tuning of the resonators, the polymer microring CROWs demonstrate the practicability of using a large number of microresonators to control the propagation of optical waves.
I. INTRODUCTION

R
ESONATORS have the unique ability to store large amounts of energy built up from considerably weaker inputs. Because of their compact sizes, optical microresonators can trap this optical intensity in physically small volumes. Thus, we envision that chains of coupled microresonators may provide a new method for reducing the group velocity of optical pulses in a compact way on a chip. A coupledresonator optical waveguide (CROW) consists of a chain of coupled resonators in which light propagates by virtue of the coupling between adjacent resonators [1] - [3] . CROWs have the potential to significantly slow down the propagation and alter the dispersive properties of light, which may find applications such as optical delay lines, interferometers, optical buffers, and nonlinear optics [4] - [6] .
For CROWs to be highly dispersive or to slow down light, a large number of weakly coupled identical resonators are required. However, the major challenge in realizing CROWs and using multiple resonators for dispersion engineering [7] , [8] has been the fabrication of low-loss resonators with strict size tolerances. The problem is compounded when the resonators are weakly coupled because of the narrow linewidth of the coupled resonators. One solution is to tune the resonators individually, but controlling the tuning becomes more complicated as the number of resonator increases. There have been several examples of high-order (> 10) coupled microresonators using microrings and photonic crystal defect cavities [6] , [9] - [11] . However, the dispersion and delay were often not directly measured [6] , [9] , [10] , and in the case of photonic crystal cavities, the resonators had low quality factors, and the transmission spectra may be quite complex [6] , [11] .
We have recently overcome some of the challenges in realizing CROWs and reported experimental measurements of the transmission and group delay in CROWs consisting of highorder weakly coupled polymer microring resonators [12] . In this paper, we describe in detail the fabrication and measurement of the CROWs as well as their transmission and dispersive properties. We shall address the issues of loss, ring resonator waveguide index and dispersion, group delay, and group velocity dispersion (GVD) in CROWs. Through comparisons between our experimental and theoretical results, we will verify a number of theoretically predicted properties of CROWs.
II. THEORY
We have previously analyzed ring resonator CROWs using transfer matrices [13] and derived a set of analytical expressions for the delay and loss of CROWs [14] . We shall briefly review these theoretical results, which will be useful in our comparisons with our experiments. Fig. 1 shows the schematic of a finite microring CROW with input and output waveguides. For phase-matched coupling, the sense of circulation of the wave alternates as the wave propagates along the chain of ring resonators.
As detailed in [13] , the dispersion relation of a microring CROW is sin(βπR) = ±|κ| cos(KΛ)
where β = n eff (ω)ω/c is the propagation constant in the ring, R is the radius, κ = i|κ| is the dimensionless field coupling coefficient between two rings, K is the Bloch wavevector, and Λ is the periodicity of the structure. In the limit of weak coupling |κ| 1, the dispersion relation reduces to
where Ω is the resonance frequency of an uncoupled resonator in radians per second, and m = Ωn eff (Ω)R/c is the azimuthal modal number. Using (2), the group velocity v g of a CROW, which is given by 1/v g = ∂K/∂ω, is
At the center of the CROW transmission band, where ω = Ω and KΛ = π/2, the magnitude of the group velocity is maximum and is equal to
The time delay of a pulse propagating through the CROW τ is determined by the distance traversed in the CROW and the group velocity, such that
where N is the number of resonators. At the center of the CROW band, the delay is equal to
The loss of a CROW is given by the product of the time delay, the velocity of light in the resonators, and the loss per unit length in the resonators. At the center of the band, the loss α Ω is
where α l is the loss per length in the rings. We shall define the slowing factor S to be the ratio of the group velocity in a free space to the group velocity in the CROW, S = c/v g , such that at the band center
Therefore, to obtain a large slowing factor, a weak interresonator coupling is necessary. Using the conventional definition of the GVD, the GVD is given by the change of the delay time with respect to the wavelength [15] . Neglecting the dependence of n eff on ω, the GVD per resonator D is where λ 0 = 2πΩ/c is the resonance wavelength. As evidenced by (9) , the GVD is maximum at the band edges where v g → 0 and minimum at the band center, where λ = λ 0 . The GVD switches sign across the band center, such that for v g > 0, it is negative for λ < λ 0 and positive for λ > λ 0 . From our spectral and delay measurements of CROWs, we shall verify (4)- (9) and determine the transmission and dispersive properties of the ring resonators.
III. FABRICATION
We fabricated CROWs with as many as 12 weakly coupled microring resonators in polymethyl methacrylate (PMMA) (n = 1.49) by direct electron-beam writing. As the CROWs require numerous nearly identical resonators, PMMA is ideal for their fabrication since it is a high-resolution electron-beam resist. A low-index perfluoropolymer Cytop (n = 1.34, Asahi Glass) was used as the lower cladding. The material system of PMMA and Cytop is used in commercial polymer optical fibers 1 and has previously been used for simple waveguides [16] . The PMMA microrings did not have an upper cladding to keep the radius as small as possible. Fig. 2 summarizes the Cytop and PMMA preparation process for the electron-beam writing. We began the fabrication process by depositing a 5.2 µm thick layer of Cytop CTL-809M on a 250 µm thick silicon substrate. To ensure flatness and uniformity over the wafer, the deposition of the Cytop was accomplished via a series of spinning and thermal curing steps. First, we spun the Cytop on the silicon at 1500 r/min. Adhesion promoters were not necessary. Next, the Cytop was baked at 65
• C for 60 s, 95
• C for 60 s, and 180
• C for 20 min. The ramping of the bake temperature was critical in attaining flat and uniform surfaces. The spinning and baking steps were then repeated two more times, with a final bake at 180
• C for 3 h. After the chip cooled down, an oxygen plasma treatment of the Cytop was necessary for the adhesion of Cytop to PMMA. The plasma exposure was 30 s long at an RF power of 80 W and O 2 pressure of 200 mtorr. After an optional 60 s exposure to hexamethyldisilazane (HMDS), a 2.6 µm of PMMA 950K C10 (Microchem) was spun onto the chip at 500 r/min for 15 s and then 4000 r/min for 40 s. A pre-exposure bake at 180
• C for 20 min ensured solvents were evaporated and improved the adhesion between the Cytop and PMMA.
We next patterned the microrings via direct electron-beam writing (Leica EBPG5000). Since PMMA is a positive resist, we defined the cladding regions with the electron-beam lithography. We used an acceleration voltage of 100 kV and an electron-beam current of 3.5 nA at a dosage varying from 785 to 815 µC/cm 2 . After the electron-beam exposure, we developed the sample in a 1:3 methyl isobutyl ketone (MIBK): isopropanol (IPA) solution. Finally, we separated the devices by cleaving. Fig. 3 shows several optical and scanning electronmicroscope pictures of the fabricated devices. The electronbeam lithography produced waveguides with fairly smooth sidewalls. Fig. 3(d) shows the device end facet, which was defined by scribing and breaking. The slight waviness of the Cytop near the PMMA waveguide is an artifact of charging during the scanning electron-microscope imaging. The quality of the end facet indicates a good adhesion between the PMMA and Cytop and between the Cytop and silicon. It also shows that both PMMA and Cytop possess the mechanical properties suitable to cleaving. The waveguides had a width of 2.9 µm and a height of 2.6 µm. The cladding regions were 4 µm wide. The radius of the rings was 60 µm such that the bend loss, as calculated using a radial beam propagation method, would be < 1 dB/cm. There was no coupling gap between the resonators and between the waveguide and first/last resonator. However, due to the radius of curvature of the rings as well as the waveguide design and index contrast, even without a coupling gap, weak coupling between the resonators was achieved.
IV. TRANSMISSION AND GROUP DELAY MEASUREMENTS
We measured both the transmission spectra and group delays of the fabricated microring CROWs. The spectral measurements were straightforward wherein we detected the transmitted output power as a function of the wavelength scanned by a tunable laser. The group delay measurement was performed using an RF phase-shift technique [17] , [18] . Fig. 4 is a schematic of the setup of the group delay measurement. An RF lock-in amplifier (SR844) generated the drive voltage to a modulator and detected the phase shift between the drive and measured signals. Light from the tunable laser source was coupled into the device under test (DUT) via a single-mode fiber. The transmitted light was collected with a multimode fiber coupled to a high-speed (2.5 GHz) InGaAs avalanche photodiode (APD). To determine the absolute time delay through the CROW, we measured the reference phase shift due to the propagation through the input and output waveguides only and calibrated for any intrinsic intensity dependent system response. Thus, the measured group delay through the CROW is given by
where θ m is the measured phase-shift angle in degrees, θ ref is the reference angle in degrees, and f mod is the modulation frequency in Hertz. By changing the wavelength of the tunable laser source, we measured the group delay as a function of the optical frequency. The accuracy of the group delay depends on the accuracy of the measured phase shift. For a fixed error in the measured angle, the error in the group delay is smaller for a higher modulation frequency by (10) . However, a high modulation frequency may cause significant distortions in the delay and amplitude measurements with the lock-in amplifier, because the two sidebands generated about the optical carrier may experience vastly different transmission characteristics in a narrowband device. This distortion is less pronounced if f mod is kept significantly smaller than the bandwidth of the device [17] . The measured angle can also have an ambiguity equal to multiples of 360
• , equivalent to a delay of 1/f mod . Hence, a higher modulation frequency would more easily lead to uncertainty in the group delay due to possible 360
• phase shifts. For our experiments, we used a modulation frequency of 200 MHz, which was about 100 times narrower than the fullwidth at half-maximum (FWHM) linewidth of the CROWs. A maximum delay of 5 ns can be measured at this modulation frequency without encountering the 360
• ambiguity. However, the phase error in our measurement was about ±0.5
• , equivalent to a ±7 ps uncertainty in the time delay. The tradeoff between the modulation frequency and the accuracy of the group delay is intrinsic to this measurement technique. Fig. 5 shows the transmission spectrum at the drop port of a 10 microring long CROW for TE polarized light. There are no spurious peaks in the spectrum, indicating that the resonators were nearly identical. However, slight variations in the resonators and polarization mixing may have caused the broad envelope in the spectrum.
V. MAGNITUDE RESPONSE
A. Transmission Spectra
We compared our measured results with the theoretical results computed from the transfer matrices [13] . For the theoretical calculations, we assumed the resonators to be identical and neglected the dependence of n eff on the wavelength. The lineshapes of both the drop and through ports are sensitive to the propagation loss in the rings, but while the drop port is sensitive to the interresonator coupling, the through port is more sensitive to the coupling between the input/output waveguides and the rings. Therefore, by fitting the drop and through spectra as well as the group delay, we could estimate the complete set of parameters that describe an ideal CROW composed of identical resonators: the propagation loss in the resonators, the interresonator coupling coefficient, and the waveguideresonator coupling coefficient. 6 shows the experimentally measured spectra at the drop and through ports at the resonance near 1550 nm in Fig. 5 . The inset shows the drop port spectrum in decibel scale. The measured extinction ratio of circa −20 dB was limited by the noise floor of our detector. For the fit, the interresonator field coupling coefficient is |κ| = 0.12, the waveguideresonator field coupling coefficient is |κ| wg = 0.15, and the propagation loss is 17 dB/cm. The through port spectrum shows the Fabry-Pérot resonances defined by the device end facets. The multiple notches in the spectrum indicate there were indeed variations in the resonators, which were not as apparent in the lineshape of the drop port. However, these variations were small enough such that we were able to obtain simple, clear spectral responses, as in Fig. 5 . The ring resonators were under coupled to the input waveguide so that the extinction of the notch in Fig. 6 is only about −1.5 dB.
B. Losses
In general, the CROWs we fabricated had interresonator coupling coefficients |κ| of about 0.1 to 0.15. The propagation losses of the ring resonators were about 15 to 18 dB/cm, resulting in intrinsic quality factors of 1.5 × 10 4 to 1.8 × 10 4 . Most of the propagation loss was likely due to sidewall scattering since the index contrast between the core and the air cladding was quite large. The material losses of PMMA are about 1.5 to 2 dB/cm [19] , [20] , and the theoretical bend loss was less than 1 dB/cm. Due to the losses in the CROWs, ripples in the passband were not observed. Passband ripples can introduce distortions to and limit the bandwidth of propagating optical pulses [4] , [17] . The ripples may be reduced by choosing a suitable waveguide-resonator coupling coefficient [14] , or the passband can be optimally flattened through the apodization of the interresonator coupling coefficients [4] , [17] , [21] .
The fiber-to-fiber insertion loss at the through port was about −15 to −20 dB OFF-resonance, and for ON-resonance, the loss was about −16 to −21 dB. The fiber-to-fiber insertion loss at the drop port depends on the number of resonators in the CROW and varied from about −35 dB for four resonators to −45 dB for 12 resonators. The ratio of the drop power to the difference between the ON and OFF resonance through power gives equivalent losses of 2.4 to 3.5 dB per resonator, which is in excellent agreement with the loss of 2.3 to 3 dB per resonator calculated with (7).
The measured spectrum and loss per resonator suggest that while slight variations in the resonators existed, the microrings comprising the CROWs were nearly identical. Our results show that the maximum number of microrings that can be coupled together is not limited by the fabrication accuracy but rather by the resonator losses.
VI. DISPERSIVE PROPERTIES
To comprehensively characterize the CROWs, we obtained the dispersive properties of the ring resonators and the CROW as well. In this section, we shall extrapolate the group and effective indices of resonator waveguides, the group delay and slowing factors in the CROWs, and the CROW GVD from our spectral and delay measurements.
A. Group Index
The group index of the resonator waveguides n g is related to the free spectral range of the resonator
where ∆f FSR is the free spectral range in frequency, and the group index is defined as
Therefore, from the transmission spectrum, we may obtain the group index as a function of the wavelength. Fig. 7 shows the group index extrapolated from the transmission spectrum in Fig. 5 . We have also plotted the theoretical group index of Fig. 8 . Product of the time delay at band center and the interresonator coupling τ d |κ| is plotted against the number of resonators using the results summarized in Table I . The slope of the graph gives πRn eff /c according to (6) .
the ring resonators calculated using a mode-solver. There is generally good agreement between the theoretical and experimental values. The calculated group index is approximately 1.525 and the measured group index ranges from 1.51 to 1.53. The variation in the measured group index may be due to slight inaccuracies in the wavelength and material dispersion, which was not accounted for in the mode-solver calculations.
B. Effective Index and Group Delay
The effective index n eff from the mode-solver calculations is approximately 1.42 in this wavelength range. We may also obtain the effective index by using (6), since the group velocity at the center of the CROW band depends on the effective index and not the group index. Table I lists the interresonator coupling coefficients, measured group delays, and slowing factors for TE polarized light in CROWs of various lengths that were fabricated. By plotting τ d |κ| versus N , according to (6) , the slope is proportional to the effective index averaged over the wavelength range considered. Thus, we can compare the experimental effective index with the theoretical value and verify (6) . Fig. 8 shows the τ d |κ| as a function of N . The data fits very well with a linear function, with a slope of 0.9182 ps, translating to an effective index of 1.46. The value agrees with the calculated value of 1.42 within the experimental error, indicating that (6) accurately expresses the time delay at the band center of a CROW.
As listed in Table I , the resonators in the CROWs were generally weakly coupled, with an interresonator intensity coupling of about 1% to 2%. The weak interresonator coupling led to Fig. 9 . GVD of TE polarized light in a 12-microring-long CROW with delay properties listed in Table I . The transmittance of the resonance is plotted for reference. The unshaded region is within the FWHM of the transmission peak.
slowing factors at the maximum of the transmission peaks of about 15 to 25. The FWHM of the transmission peaks was approximately 15 to 20 GHz. The coupling coefficient was highly sensitive to the electron-beam writing conditions and the PMMA/Cytop layers such that the coupling coefficient was not replicated exactly from device to device. Nonetheless, as evidenced by Fig. 8 , the group delays of the devices were consistent with each other.
C. GVD
Finally, we can determine the GVD of the CROW from the group delay measurements. Theoretically, the GVD is given by (9) . The GVD switches sign across the resonance frequency Ω and is highest at the band edges where the group velocity is small. We extracted the GVD by taking the derivative of the measured group delay with respect to the wavelength. Fig. 9 shows the per resonator GVD for the TE polarization of a CROW consisting of 12 microrings, for which the delay properties are listed in Table I . The normalized transmittance is also shown for reference. The unshaded region is within the FWHM of the transmission peak. The curvature of the theoretically calculated GVD changes at the band edges due to the losses in the resonators [22] . The measured GVD follows the general trend described by (9) . In Fig. 9 , the GVD changes from negative to positive across the resonance peak. The high GVD at the edges of the peak may not be physical, since the transmission amplitude was low at these wavelengths. The change in the GVD curvature at the band edges in the calculated result could not be measured, most likely because of the lowtransmission amplitude.
Unsurprisingly, the GVD of the CROW can be very high. The measured GVD varied from −100 to 70 ps/(nm · resonator) across the FWHM of the peak, with zero GVD at 1511.18 nm, near the resonance peak at 1511.15 nm. The measured GVD is significantly higher than the theoretically calculated GVD, which ranges from −17 to 17 ps/(nm · resonator) across the FWHM of the transmission peak. The dispersion of the resonator waveguide alone does not account for the difference. The per resonator GVD due to waveguide dispersion is
which is approximately 2.2 × 10 −4 ps/(nm · resonator). The discrepancy may be a result of the deviation from the ideal scenario of identical resonators. The asymmetry of the transmission peak suggests the resonators were not perfectly identical and perhaps the polarization was not purely TE. Since the GVD, given by (9), scales as 1/v 3 g , any slight deviation of the group velocity will result in a large change in the dispersion.
Compared to other engineered waveguide structures reported to date, such as photonic crystal waveguides and fibers, the CROWs we have demonstrated possess a significantly higher GVD, even though the refractive indices of the polymer materials are relatively low. The measured GVD values of about ±100 ps/(nm · resonator) are equivalent to ±8.3 × 10 8 ps/(nm · km), and the calculated GVD of ±17 ps/(nm · resonator) is equivalent to ±1.4 × 10 8 ps/(nm · km). The CROWs we have presented are about 10 7 times more dispersive than conventional optical fibers, 10 6 times more dispersive than highly dispersive photonic crystal fibers [23] , and approximately 100 to 1000 times more dispersive than photonic crystal waveguides reported to date [24] , [25] . Compared to previously reported GVD values of photonic crystal CROWs [26] , the GVD of our microring CROWs is about an order of magnitude greater. With such large values of both normal and anomalous dispersion, CROWs may find applications in dispersion management and nonlinear optics [15] , [27] - [31] .
VII. CONCLUSION
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